Nordseegewiisser. Die durch Wasserverunreinigungen bedingten r~iurnlichen und zeitlichen Veriinderungen der Lebensgemeinschafien yon Invertebraten, die auf dem Hattorgan der Braunalge Larninaria hyperborea G~NN. FosL~ siedeln, wurden untersucht. Alle Beobachtungen beziehen sich auf die nord/Sstliche Kiiste Englands und die siidwestliche Kiiste Schottlands. Die Arbeit schlieflt sich an eine friihere Ver~Jffentlichung (JoNrs 1971) an, in der die chemischen, physikalischen und biologischen Faktoren behandelt wurden, welche die verschmutzten Kiistengebiete charakterisieren. Dabei wurde unterschieden zwischen der j~ihrlichen Zuwachsrate des Ha~organ-Habitats (gemessen in mm ~ ,,ecospace") und der Besiedlungsrate (,ecoperiod"). Die Ergebnisse zeigen, daft die Entwickiung der Epifauna auf Laminaria hyperborea in einern Radius yon ungeflihr 50 krn um den Firth of Forth und in einem Bereich yon 100 km in offenen, verschmutzten Kiistengewlissern verlangsamt ist. In verunrelnigten Kiistengew~issern entsteht eine wenig stabile Nahrungskette, die sich auf Detritus aufbaut. Der periodische Verlust einiger nur kurzfristig siedelnder Arten scheint zu bewirken, daft sich die BioziSnose nicht unabh~ingig yon benachbarten, in unverschmutzten Gebieten vorkommenden marinen Gemeinscha~en entwickeln kann. Die m6glichen Dauerfolgen der Verschmutzung auf derartige neotene Lebensgemeinschal°cen werden diskutiert.
INTRODUCTION
The seven-year average growth span of a Laminaria hyperhorea plant provides a holdfast habitat for large numbers of benthic invertebrates associated with sublittoral kelp forests in the North Sea. As the holdfast enlarges with growth, a sequence of invertebrate species colonizes the habitat; it provides and creates a pioneer community composed of few species in a short detritus food chain. The pioneer species in these early communities do not obtain direct sustenance from the plant but seem to select the interstices of the holdfast as a sheltered environment.
In the clean waters, a sequence of invertebrates colonizes the gradually enlarging habitat over its seven-year development period. A "climax" invertebrate community arises which is made up of many species in a complex food web. In polluted waters, the pioneer community is retained through all subsequent stages of holdfast-habitat devel-opment, from the first to the seventh year of its growth. The retention of the juvenile component of the community into the mature stages of habitat development was previously described as neotenous community development (JoN~s 1971) . This paper presents a spatial and temporal study of the neotenous, pollutiontolerant community found in the holdfast habitat of Larninaria hyperborea GUNN.
FOSLE. along the shores of northeast England and southwest Scotland (Fig. 1) . Chemical, physical and biological parameters used to define and delimit the polluted waters of the study area shown in Figure 1 have been described (BELLAMY & WHITTICK 1968 , JONES 1971 . The following regional differences in coastal-water quality were distinguished: (1) The urbanization and industrial development of the land adjacent to the Firth of Forth has certainly led to pollution of this estuary (Stations 1-4). (2) This estuarine pollution does not extend south to Berwickshire where Station 6 (St. Abbs) was established as a clean water reference station in coastal waters having unpolluted oceanic characteristics (Stations 5-13). (3) Proceeding south from Station 6 a gradient of increasing pollution has been demonstrated which reaches its peak along the shores of Co. Durham (Stations 14-16). (4) The coastline south from Scarborough to Flambrough Head is reasonably unpolluted but contains high levels of naturally occurring silt in suspension .
Random samples of one-to seven-year old holdfasts of the kelp plant were collected by scuba divers at each station and treated in the laboratory in the manner described by JoN~s (1971) . Seven consecutive year classes of the plant provide the seven stages of habitat development measured as "ecospace" volume. Annual "ecoperiods" from one to seven years describe the sequence of succession into the enlarging habitat. The sum of one set of seven successive annual ecoperiods, a complete successional unit, is used here for comparisons between stations along the pollution gradient.
RESULTS
Species diversity, which can be taken as a measure of maturity and stability (MARGALEF 1968) , was consistently greater at the unpolluted stations. Figure 2 presents the MAROAL~F Diversity Index 'T' calculated for the sum of seven annual ecoperiods at stations along the pollution gradient. A low value for this index indicates that the physical conditions prevailing in the vicinity of the habitat are adverse. Community development is inhibited and this is seen as a decrease in the number of species present although the total number of organisms may increase because of reduced competition. The index is given by the expression --I = --X pi In pi where I is the diversity index, pi is the number of organisms in a species i, divided by the total number of organisms in the sample, and In pi is the natural logarithm of that fraction. The mean index "I" for the polluted estuary was 2.2, increasing to 3.4 in the clean waters off Berwi&. It was again reduced in the polluted waters of Co. Durham to a mean value of 2.7, recovering to a value of 3.3 in the turbid but unpolluted waters of Yorkshire.
Individual community fluctuations occurred in both polluted and unpolluted study areas. The lowered value of the index at Stations 9 arid 10, the Fame Isles, is attributed to the extreme water movements in this area, often in excess of five knots even on a calm summer day. In all other clean water communities, the index rose to a value in excess of 3.0 and fluctuation between 3.0 and 4.3 is considered natural biotic variation. Where values of the index "I" range from 0.0 to approximately 2.5 the environment was adverse, preventing a high level of species diversification in the habitat. Values of the index about 3.0 indicate a diverse community, the "normal" state in the ecospace habitat. Figure 3 presents the MARGALEF Diversity Index "I'" calculated for the sum of seven successive annual ecoperiods at Station 6 and Station 15 over the 31 months of the study. The mean species diversity in polluted water at Station 15 was 2.9, the mean index for clean water equalled 3.7. The mean annual value of the index was reduced by approximately one half in polluted waters, indicating a persistent lowering in the species complement of the community developed there. As a single numerical index of community diversity, the MARGAL~F Index combines the number of species and the number of individuals within one species with the total number of individuals of all species in the habitat. One disadvantage of this calculation is that it obscures much of the information on the kinds of species present and their abundance in the habitat. Table I shows the abundance of individuals and species at all stages of community succession at Station 6 in clean waters and Station 15 in chronically polluted waters. Both samples were collected at the same time. In contrast to the clean-water situation, all stages of the polluted-water habitat contained large numbers of the suspensionfeeding tube worm Sabellaria spinulosa, which finally came to occupy 70.4 0/0 of the species composition in the whole seven year ecoperiod. Other species in the habitat A similar set of the ecospace habitats was collected 12 months later and is shown in Table 2 . The clean-water community had remained essentially unchanged. In the polluted waters at Station 15, a different suspension-feeding species, Mytilus edulis, had replaced the former dominant Sabellaria spinulosa. Large numbers of M. edulis filled each annual ecoperiod and dominated other members of the ecospace fauna in all stages of community development. Of the complete community unit, 94.5 % was composed of M. edulis. The former dominant S. spinulosa had been reduced to only 2.8 % of the community, over the 12-month period.
The size of the ecospace habitat, and the seven annual ecoperiods in the devel-opment of the community, remained unchanged at both stations throughout the study (JONES 1971) , but the numbers of species and of individuals colonizing the polluted habitat varied considerably. Variation in the species composition of the polluted communities can be shown by using the total number of species and the total number of individuals of each species in seven annual ecoperiods as separate indices of diversity. , during the study. The number of species in clean water was persistently higher than in polluted waters. About half the clean-water species were absent in the polluted areas. Figure 5 shows the total number of individuals of all species present in the two habitats for the duration of this study. The amplitude of fluctuation in individual numbers was greater in polluted waters. In all, four large fluctuations occurred at Station 15, involving the loss or gain of approximately 1,000 individuals. At Station 6 a smaller population (but containing more species) underwent six smaller fluctuations involving a loss or gain of approximately 278 individuals. These smaller fluctuations were more frequent than the larger population disturbances in polluted waters. In the latter habitat, population fluctuations corresponded with the arrival of one or other of two suspension-feeding species, Mytilus edulis and Sabellaria spinulosa. In polluted waters the dynamics of these co-dominant species had major effects on community structure. Table 3 presents the invertebrate species occurring as more than 5 °/0 of the species complement in the community a~er its development over seven ecoperiods at Station 15 (chronically polluted), for the M-month study period. The impoverished community in polluted waters contained a greater proportion of species which were able to withstand pollutants in the water. Of these, Mytilus edulis, SabelIaria spinulosa, Nereis pelagica and Asterias rubens were the new polluted water dominants. Combinations of these species remained dominant throughout the study period. The species Actinea equina, Modiolus barbatus, Flabelligera affinls, Terebella sp., Acanthochitona crinitus, Phyllodoce sp., Jassa falcata, Harmothoe irnpar and Amphithoe rubricata occurred occasionally, and sporadically above the 5 % level of abundance in the habitat, but never in great numbers.
When the numbers of Mytilus edulis were high at Station 15, the numbers of Sabellaria spinulosa were low. Each species was dominant for a short period before being replaced by the other, as shown in Figure 6 .
In spring 1968, the polluted waters were not dominated by suspension feeders for a short time. The residual community elements, FlabelIigera affinis, Acanthochitona crinitus, Amphithoe rubricata, Jassa falcata and Harrnothoe impar, assumed a dominant role in their absence, but their total numbers in the habitat amounted to only 18 individuals. The residual fauna did not remain dominant for more than a few weeks because of the rapid recolonization of the habitat by a single-species population of the 100 suspension feeder, Sabellaria spinulosa. A drop in the numbers of either dominant species effectively "emptied" the habitat, leaving it available for the next spatfall of a single species, which later filled it to capacity. The paucity of species in polluted habitats remained a feature of those areas for the duration of the study. The disintegration of the complex food web by the loss of many food chains has entirely removed some energy pathways (JoN~s 1972) . Amongst the remaining fauna, the components of only one detritus food chain persisted in the habitat for any length of time. This was" Suspended Suspension material ~ feeder ~ Carnivore
The species involved in this system were: Suspensions of sewage are an abundant available food source for the two suspension feeders, Mytilus edulis and Sabellaria spinulosa, the only predators present being Nereis pelagica and Asterias rubens. The suspension feeders co-dominate in the habitat but never co-exist, so that energy flow to the suspension feeder can only proceed through one species at a time. This simple system is not in balance, and the dynamics of the last remaining fragment of a functional food web warrants further discussion.
Mytilus
Extensive research by S~ED (1969a, b) , BAYN~ (1963 , 1964 , 1964a , 1965 ) and WILsoi~-(1968a , b, 1970a , b, 1971 has shown that both Mytilus edulis and Sabeltaria spinulosa produce planktonic larvae which preferentially select their place of final settlement by extending their planktonic phases for many weeks. During this time, the larvae can be moved many miles in the sea. The pronounced north-south current dri~ along these shores makes such larval transport highly likely in this case. Larvae capable of surviving in polluted waters could delay settlement until borne away from the polluted areas on the current driP. However, characteristically large numbers of Sabellaria spinulosa and Mytilus edulis in the polluted habitats indicate that these species are able to colonize polluted waters in much greater numbers than in clean waters (cf. M~EIKOVSKY 1970). There was no detectable recruitment of a single species in the clean waters on sud~ a scale. Within months of settlement, the new population numbers declined sharply. Each new settlement of larvae roughly corresponded with the arrival of spring or autumn. Their success in colonizing the habitat seemed to depend on the absence of previously settled larvae of the competing suspension-feeder species.
The cause for the rapid turnover of these species was not determined. It could be the result of the natural imbalance in such a simplified system (LEvENS 1962 , 1963 , MA~GAL~F 1967 , ODUM 1967 , or else some direct effect of pollutants which was not determined in this study. Predation on large colonies of single species can drastically reduce its numbers. Mytilus edulis can form a large part of the ~diet of Asterias rubens. SEED (1969b) describes "carpets" of A. rubens on lower littoral shores in autumn, decimating M. edulis populations which settled there in spring, lie concludes that predation must be even more significant on the sublittoraI populations. But the detailed feeding habits of Nereis pelagica are uncertain and WILSON (1971) found no predators of Sabellaria spinulosa. Further investigation of the dynamics of predator populations may provide the explanation for the rapid loss of the suspension-feeding groups in polluted waters.
In the neotenous community, the rapid turnover of the suspension feeding populations prevents the development of mature individuals of either species in the habitat.
The average life span of a Sabellaria spinulosa individual has been estimated at 8 years (D. P. WILSON, personal communication), but the development time to sexual maturity is uncertain. SEED (1969) has shown that Mytilus edulis takes one year to reach sexual maturity and can live for upwards of twenty years on the open coast (R. SEED, personal communication). This would make the polluted community incapable of functioning independently of breeding stocks located outside the chronically polluted areas.
On the northeast shores included in this study, coastal pollution seems restricted to regions corresponding with intensive industrial and urban use of the adjoining land. If the volume and concentration of pollutants is reduced, then polluted areas should be able to begin recovery by recruiting species from the nursery grounds in the reservoir areas, for use in the reconstruction of the food web (DEAN & HASKIN 1964 , NORTH et al. 1965 , REISH 1965 . On the northeast coast, a reservoir of pollution-sensitive species can still be found along some of the shoreline of Northumberland and Berwickshire, and its continued presence there will ensure a potential for recovery in the polluted areas to the north and south. Alternatively, if more pollutants are added to existing polluted areas, it could seriously disturb the already precarious equilibrium of the neotenous community developed there. This could result in a final breakdown of the remaining functional food chains and allow an uncontrolled spread of pollutants from existing infalls. SUMMARY 1. This paper presents a thirty-one month study of a neotenous invertebrate community which developed in Laminaria hyperborea holdfasts in some polluted waters of the North Sea (northeast England und southwest Scotland).
Sixty miles of open coastal waters and approximately thirty miles of the Forth
Estuary are affected by pollutants. 3. Reduction in the species diversity leaves only one possible detritus food chain in the habitat. 4. This simple community is not in balance. 5. The ecology of th e polluted water community is considered and the possible longterm effects of pollution in the kelp forest are discussed.
